With accelerating urbanization, lighting problems frequently appears for residents at lower levels of buildings. In order to solve the sunlight blocking problem between high buildings, a new solar optical guide lighting (SOGL) system is proposed in this study. Numerical simulations are carried out to evaluate the SOGL system according to the light distribution both inside the buildings and between building groups at different times. Experimental setups are built to validate the simulated results. Main factors influencing the optical efficiency are discussed. It is found from this study that the SOGL system can realize the lighting purpose inside and between high buildings. The shadow areas between buildings are lightened into acceptable levels. The stronger the solar irradiation is, the higher the optical efficiency would be. And decreasing the ratio of optical guide pipe length to its radius would lead to the rise of optical efficiency.
Introduction
With accelerating urbanization, immigrants are swarming into cities. Half of the global population has already lived in cities, and by 2050 two-thirds of the world's people are expected to live in urban areas [1] . In order to accommodate the ever-increasing population, more and more high-rise buildings are under construction in already congested urban environments. High-rise buildings often have many impacts on the surrounding cityscape. One main problem is that they can cast shadows, which can stretch for half a mile or more at sunset [2] . As such, it is hard for the residents at the low levels to obtain natural sunlight [3] . Many lighting methods are then used to satisfy the illuminating requirements, among which electrical lighting is one of the options. Not only is electrical lighting responsible for a significant amount of the electrical demand on a commercial building, but it can also cause excessive cooling loads. Statistical results show that lighting takes 20% of the total electricity consumption in buildings, among which only 25% is converted into light with the other 75% being thermal loss [4] . On the other hand, solar energy has the advantages of being clean, renewable, and free of charge. Solar lighting is another good option. Windows are the most traditional daytime lighting option. Katunský et al. examined the use of windows for natural illumination on two sides in a vertical industrial facility [5] . Gürlich et al. evaluated the daylight performance of a translucent textile membrane roof [6] . Utility costs for a building can be decreased when solar lighting is properly designed to replace electrical lighting using windows. However, due to the privacy and heat preservation, the window can only take up small areas of the building's external walls [7, 8] . The solar optical guide is another option for solar lighting. In the 1990s, a solar optical guide lighting (SOGL) device was successfully invented in the United States [9] . Laforet made the
Material and Methods

Design of a New SOGL System
Schematic of the designed SOGL system is shown in Figure 1 . The SOGL system is composed of the lighting covers, optical guide pipes, diffusers, and node-dimming devices. As shown in Figure 1a , a lighting cover is used to prevent the dusts and vapor but allow all sunlight to enter the optical pipes. It is mainly distributed on the roof, the southern, the eastern and the western walls of the building. It is connected by the optical guide pipe. The optical guide pipe has two types: straight and elbow light guide pipes. The bend angle of the tube is 0-90 • and can be adapted to the facilities of the building, i.e., the stairs, ventilating duct, and ceiling. The inner surface of the light guide pipe is plated with special films, ensuring very high reflectivity and stability. Diffusers are set at the outlet of the optical guide pipes. The node-dimming device is installed at the intersection of the optical guide pipes to control the transfer direction of the sunlight.
Energies 2018, 11, 2898 3 of 13 device would transfer more sunlight directly downward to the garage. And when the shadow areas need illumination, more sunlight inside the optical guides would be transferred toward the external walls at the lower levels. The schematic of the light transfer pathway is shown in Figure 1b . The sunlight is evenly and efficiently irradiated to the lower levels of the buildings, the underground garage, and the shadow area between building groups, according to the outside solar irradiation conditions, the local illumination condition and the user requirement. 
Model, Configuration and Materials
In order to obtain the performance of SOGL systems in building groups, four parallel high buildings are considered as one building group. The schematic of the building group is shown in Figure 2 . These four buildings have the same dimension and all face directly to the south. Buildings a and b are at the south of Buildings c and d, respectively. In order to compare the illumination in different building structures, three rooms are set at the ground levels of Buildings a and b and two rooms are set at the ground levels of Buildings c and d. The SOGL system is correspondingly adopted to the structural of the buildings. Schematic of the SOGL system in the building group is also shown in Figure 2 . Three lighting covers, which are connected by the vertical optical guide pipes, are arranged at the roofs of Buildings a and b. And two lighting covers, which are connected by the vertical optical guide pipes, are arranged at the roofs of Buildings c and d. One lighting cover, which is connected by the horizontal optical guide pipe, is respectively arranged at each eastern wall and each western wall of Buildings a, b, c and d. Six lighting covers, which are connected by the horizontal optical guide pipes, are arranged at the northern walls of Buildings a and b. Four lighting covers, which are connected by the horizontal optical guide pipes, are arranged at the northern walls of Buildings c and d. Configuration sizes of the buildings, the optical guide pipes in each building are shown in Table 1 . The parameters in Table 1 follow the standard for daylighting design of buildings in China [24] . During the daytime, high buildings can receive sufficient direct sunlight from the roof and the southern walls. In the morning, the eastern walls can receive sufficient sunlight, but the western walls can only obtain some scattered or reflected light. Similarly, in the afternoon, the western walls can receive sufficient sunlight, but the eastern walls can only obtain some scattered or reflected light. However, the lighting conditions at lower levels and between buildings are poor all the daytime. Considering this, multi-node distributed light pipes and diffusers are located inside the rooms and the external walls of the lower levels as shown in Figure 1a . The collected light is transferred through the optical guide pipes, where it is redistributed by the node-dimming device. The purpose of the node-diming device is to transfer the inside sunlight to the required locations according to the local illumination condition. For example, when the underground garage needs lighting, the node-dimming device would transfer more sunlight directly downward to the garage. And when the shadow areas need illumination, more sunlight inside the optical guides would be transferred toward the external walls at the lower levels. The schematic of the light transfer pathway is shown in Figure 1b . The sunlight is evenly and efficiently irradiated to the lower levels of the buildings, the underground garage, and the shadow area between building groups, according to the outside solar irradiation conditions, the local illumination condition and the user requirement.
In order to obtain the performance of SOGL systems in building groups, four parallel high buildings are considered as one building group. The schematic of the building group is shown in Figure 2 . These four buildings have the same dimension and all face directly to the south. Buildings a and b are at the south of Buildings c and d, respectively. In order to compare the illumination in different building structures, three rooms are set at the ground levels of Buildings a and b and two rooms are set at the ground levels of Buildings c and d. The SOGL system is correspondingly adopted to the structural of the buildings. Schematic of the SOGL system in the building group is also shown in Figure 2 . Three lighting covers, which are connected by the vertical optical guide pipes, are arranged at the roofs of Buildings a and b. And two lighting covers, which are connected by the vertical optical guide pipes, are arranged at the roofs of Buildings c and d. One lighting cover, which is connected by the horizontal optical guide pipe, is respectively arranged at each eastern wall and each western Table 1 . The parameters in Table 1 follow the standard for daylighting design of buildings in China [24] . The sun travels through the sky and its position changes from time to time. The sun's elevation angle H is defined as:
And the sun's azimuth angle γs can be calculated using the following Equation:
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where  is the local geographical latitude, δ is the local solar declination angle and t is the solar hour angle. According to Equations (1) and (2), five sun positions are considered in this study as shown in Figure 2 . Taking Changzhou city, China (32° N, 120° E) as the case, the corresponding solar elevation angle, azimuth angle and illumination intensity are shown in Table 2 [25]. The sun travels through the sky and its position changes from time to time. The sun's elevation angle H is defined as:
sin H = sin ϕ sin δ + cos ϕ cos δ cos t
And the sun's azimuth angle γ s can be calculated using the following Equation:
cos γ s = sin ϕ cos δ cos t − cosϕsinδ cos H
where ϕ is the local geographical latitude, δ is the local solar declination angle and t is the solar hour angle. According to Equations (1) and (2), five sun positions are considered in this study as shown in Figure 2 . Taking Changzhou city, China (32 • N, 120 • E) as the case, the corresponding solar elevation angle, azimuth angle and illumination intensity are shown in Table 2 [25]. The optical efficiency of the SOGL system is defined as:
where, η is the optical efficiency of SOGL system, Φ is the total luminous flux output from a diffuser and Φ 0 is the total luminous flux collected by the lighting covers. TracePro software is frequently used to simulate and optimize the light pipes, light guides, non-imaging lenses and mirrors with the Monte Carlo ray tracing method [26, 27] . TracePro software is thus used to simulate the illumination of the SOGL system in the present study. The model is first built according to the configurations in Figure 2 and dimensions in Table 1 . Then materials and parameters of light sources and surfaces are defined according to Table 3 . The materials in Table 3 are selected in the database of TracePro Software and following the standard for daylighting design of buildings in China [24] . The lighting distribution inside the optical guide pipes is then simulated using Monte Carlo ray tracing method. During the simulation process, incident directions of the rays are calculated according to Table 2 . The rays reach the building surfaces, the ground and the lighting covers. Rays reaching the lighting covers then enter the SOGL system, in which they are transferred towards different locations in the buildings. Different numbers of incident rays are set in the software until the ray numbers do not affect the final simulation results. Finally the illumination distributions inside the rooms and shadow areas are obtained. Figure 3 shows the illumination distributions inside the rooms at the ground floor at 12:00. As shown in Figure 3 , solar radiation can be effectively introduced into the buildings using the SOGL pipes The simulated results of indoor illumination at different times are then summarized in Table 4 . It is found from Table 4 that, from 8:00 to 16:00, the illumination intensity inside the ground floor rooms of each building first increases then decreases, reaching the maximum between 12:00 and 14:00, which matches well with the solar radiation intensity between 8:00 and 16:00 as shown in Table 2 . At the same time, from 8:00 to 16:00, the incident sunlight angles first decreases then increases, which also leads to the illumination intensity tendency in Table 4 . Between 8:00 and 12:00, the illumination intensity of building a is slightly greater than that of building b, and the illumination intensity of building c is slightly greater than that of building d. Between 12:00 and 16:00, the illumination intensity of the building b is slightly greater than that of the building a, and the illumination intensity of the building d is slightly greater than that of the building c. The reason is that the arrangement of the optical guide pipe is not symmetrical. In the morning, when sunlight comes from the East, there will be more sunlight collected by the lighting covers on the eastern walls. The western buildings (Buildings b and d), due to the shielding effect between buildings, are not as well illuminated as the buildings in the east (Buildings a and c). In the afternoon, the similar phenomena appear to the eastern buildings, which leads to the differences of illumination intensity in different buildings. Wu and Li reported their SOGL system′s average illumination intensity to be 147.8 lux [20] . Average illumination of Saunders et al.′s SOGL system was up to 300 lux [17] . Compared with their reports, it is found that the proposed SOGL system can realize the lighting purpose inside the high buildings. The simulated results of indoor illumination at different times are then summarized in Table 4 . It is found from Table 4 that, from 8:00 to 16:00, the illumination intensity inside the ground floor rooms of each building first increases then decreases, reaching the maximum between 12:00 and 14:00, which matches well with the solar radiation intensity between 8:00 and 16:00 as shown in Table 2 . At the same time, from 8:00 to 16:00, the incident sunlight angles first decreases then increases, which also leads to the illumination intensity tendency in Table 4 . Between 8:00 and 12:00, the illumination intensity of building a is slightly greater than that of building b, and the illumination intensity of building c is slightly greater than that of building d. Between 12:00 and 16:00, the illumination intensity of the building b is slightly greater than that of the building a, and the illumination intensity of the building d is slightly greater than that of the building c. The reason is that the arrangement of the optical guide pipe is not symmetrical. In the morning, when sunlight comes from the East, there will be more sunlight collected by the lighting covers on the eastern walls. The western buildings (Buildings b and d), due to the shielding effect between buildings, are not as well illuminated as the buildings in the east (Buildings a and c). In the afternoon, the similar phenomena appear to the eastern buildings, which leads to the differences of illumination intensity in different buildings. Wu and Li reported their SOGL system s average illumination intensity to be 147.8 lux [20] . Average illumination of Saunders et al. s SOGL system was up to 300 lux [17] . Compared with their reports, it is found that the proposed SOGL system can realize the lighting purpose inside the high buildings. With respect to the shielding effect, the illumination distributions at the shadow areas between buildings at different times are also simulated. The simulation results at different times are shown in Figure 5a -e.
Results and Discussion
Simulation Results
From Figure 5 , it is found that the lowest irradiance at the shadow areas of the building group reaches 120 W/m 2 . At 8:00 and 16:00 when solar irradiance is not abundant, the average irradiance can reach 120-300 W/m 2 . The average irradiance at the shadow area of each building is statistically calculated and shown in Figure 6 . It is found from the figure that the change of average irradiance at the shadow area of each building does not form a clear rule with the change of time, compared with the tendency of illumination intensity inside the room. The fluctuation of irradiance at the shadow area of each building is small. The minimum average irradiance is 130 W/m 2 , and the maximum average irradiance is 190 W/m 2 . Solar radiation intensity and shadow area irradiance was not proportional. In the morning or afternoon, the irradiance at the shadow area is slightly larger than that at the noon. The reasons are found to be the solar elevation and azimuth angles. In the morning or in the afternoon, the sun does not directly at the south of the building, with a large portion of the sunlight coming from the gap between the buildings into the shadow areas. The radiation intensity directly from the sun is nearly ten times greater than that provided by the SOGL system, so the radiation intensity at the shadow areas of the buildings in the morning and afternoon is higher than that at noon. In other words, the contribution of SOGL system is greater at noon than that at other times. With respect to the shielding effect, the illumination distributions at the shadow areas between buildings at different times are also simulated. The simulation results at different times are shown in Figure 5a -e.
From Figure 5 , it is found that the lowest irradiance at the shadow areas of the building group reaches 120 W/m 2 . At 8:00 and 16:00 when solar irradiance is not abundant, the average irradiance can reach 120-300 W/m 2 . The average irradiance at the shadow area of each building is statistically calculated and shown in Figure 6 . It is found from the figure that the change of average irradiance at the shadow area of each building does not form a clear rule with the change of time, compared with the tendency of illumination intensity inside the room. The fluctuation of irradiance at the shadow area of each building is small. The minimum average irradiance is 130 W/m 2 , and the maximum average irradiance is 190 W/m 2 . Solar radiation intensity and shadow area irradiance was not proportional. In the morning or afternoon, the irradiance at the shadow area is slightly larger than that at the noon. The reasons are found to be the solar elevation and azimuth angles. In the morning or in the afternoon, the sun does not directly at the south of the building, with a large portion of the sunlight coming from the gap between the buildings into the shadow areas. The radiation intensity directly from the sun is nearly ten times greater than that provided by the SOGL system, so the radiation intensity at the shadow areas of the buildings in the morning and afternoon is higher than that at noon. In other words, the contribution of SOGL system is greater at noon than that at other times. 
Optical Efficiency
The optical efficiency of SOGL system of each building is shown in Table 5 . As shown in Table 5 , by changing the SOGL pipe configuration sizes, it is found that:
(1) Between 10:00 and 12:00, the optical efficiencies of the SOGL systems reach the maximum.
The higher the solar radiation intensity, the higher the SOGL system efficiency. (2) The optical efficiencies of SOGL systems in buildings c and d are slightly larger than those in Buildings a and b. For the same material, the smaller the ratio of optical pipe length to its diameter, the higher the system optical efficiency. (3) The system efficiency can be improved by reasonably increasing the diameter of the optical guide pipe and planning the shortest path of the SOGL pipes. 
Experimental Validation
An experimental setup is built to validate the simulation results. It is established by using cardboard, silver paper and cellophane. The cardboard forms the framework of the buildings. The silver paper is rolled up acting as the optical guide pipes. The cellophane acts as the lighting cover and diffuser. Photos of the experimental setup are shown in Figure 7 . The dimensions of the experimental setup and sizes of the SOGL system are reduced in proportion according to the dimensions in Table 1 and the proportional scale is 50:1. A halogen lamp is used as the lighting source. Different illumination intensities can be obtained by changing the distance between the halogen lamp and the cardboard buildings. Positions of the halogen lamp are set according to the practical sun positions in the sky in Table 2 . A digital illuminometer is used to measure the illumination intensity inside the rooms, whose resolution is 0.1 lux and sampling rate is 2 times per second. The measured illumination intensity at different times are shown in Table 6 . It is found that the measured data are much smaller than the simulated results. The reason is the limitation of equipment and material in the experimental study, i.e., the reflectivity of the optical guide pipes and the transmittance of the lighting covers and diffusers in the experimental study are much smaller than those in the simulation. This leads to the decrease of the optical efficiency in the experimental study. In order to accurately compare the data from the experiment and the simulation under the same boundary conditions, a correction coefficient α is introduced to modify the experimental data, which is defined as:
where η 1 is the simulated average efficiency, which is 0.65. And η 2 is the experimentally measured average efficiency, which is 0.56. The correction factor is thus calculated to be 1.16.
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(a) (b) (c) The modified experimental results are obtained by using the originally measured data times the correction factor. The modified experimental results and their relative errors to the simulated results are summarized in Table 6 . According to Table 6 , the maximum relative error is 8.19%. It could be concluded that the simulated results is validated through the experimental study. 
Conclusions
With the continuous expansion of the urban scale, buildings in cities are becoming higher and more crowded. To solve the increasing lighting problems in high buildings and dealing with the problem of shielding problem in building groups, a SOGL system is proposed in the present study. The illumination and radiation intensity inside and between building groups at different times are simulated and discussed. The following conclusions are obtained from this study:
(1) The proposed SOGL system can realize the lighting purpose inside and between high buildings.
The shadow areas between buildings are lightened into acceptable levels. ( 2) The greater the intensity of the solar radiation, the higher the system optical efficiency. The contribution of SOGL system is greater at noon than that at other times. (3) For the SOGL pipes with the same reflecting material, the smaller the ratio of optical pipe length to its diameter is, the higher the system optical efficiency would be. And the system efficiency The modified experimental results are obtained by using the originally measured data times the correction factor. The modified experimental results and their relative errors to the simulated results are summarized in Table 6 . According to Table 6 , the maximum relative error is 8.19%. It could be concluded that the simulated results is validated through the experimental study.
The shadow areas between buildings are lightened into acceptable levels.
(2) The greater the intensity of the solar radiation, the higher the system optical efficiency. The contribution of SOGL system is greater at noon than that at other times. (3) For the SOGL pipes with the same reflecting material, the smaller the ratio of optical pipe length to its diameter is, the higher the system optical efficiency would be. And the system efficiency can be improved by reasonably increasing the diameter of the optical pipe and planning the shortest path of the optical pipe.
